Glutamatergic dysfunction is increasingly implicated in the pathophysiology of schizophrenia. Current models postulate that dysfunction of glutamate and its receptors underlie many of the symptoms in this disease. However, the mechanisms involved are not well understood. Although elucidating the role for glutamate transporters in the disease has been limited by the absence of pharmacological tools that selectively target the transporter, we recently showed that glial glutamate and aspartate transporter (GLAST; excitatory aminoacid transporter 1) mutant mice exhibit abnormalities on behavioral measures thought to model the positive symptoms of schizophrenia, some of which were rescued by treatment with either haloperidol or the mGlu2/3 agonist, LY379268 the mGlu2/3 agonist, LY379268. To further determine the role of GLAST in schizophrenia-related behaviors we tested GLAST mutant mice on a series of behavioral paradigms associated with the negative (social withdrawal, anhedonia), sensorimotor gating (prepulse inhibition of startle), and executive/ cognitive (discrimination learning, extinction) symptoms of schizophrenia. GLAST knockout (KO) mice showed poor nesting behavior and abnormal sociability, whereas KO and heterozygous (HET) both demonstrated lesser preference for a novel social stimulus compared to wild-type littermate controls. GLAST KO, but not HET, had a significantly reduced acoustic startle response, but no significant deficit in prepulse inhibition of startle. GLAST KO and HET showed normal sucrose preference. In an instrumental visual discrimination task, KO showed impaired learning. By contrast, acquisition and extinction of a simple instrumental response was normal. The mGlu2/3 agonist, LY379268, failed to rescue the discrimination impairment in KO mice. These findings demonstrate that gene deletion of GLAST produces select phenotypic abnormalities related to the negative and cognitive symptoms of schizophrenia.
INTRODUCTION
Glutamatergic dysfunction is implicated in the pathophysiology of various neuropsychiatric conditions, including schizophrenia (Coyle, 2006; Harrison and Weinberger, 2005; Krystal et al, 2002; Lewis and Gonzalez-Burgos, 2006; Olney et al, 1999) . N-methyl-D-aspartate receptor (NMDAR) antagonists such as ketamine and phencyclidine (PCP) mimic the symptoms of schizophrenia in healthy subjects and provoke relapse in schizophrenics (Adler et al, 1999; Krystal et al, 1994; Malhotra et al, 1997; Newcomer et al, 1999) . In rodents, NMDAR antagonists produce a range of 'schizophrenia-related' behavioral abnormalities (Arguello and Gogos, 2006; Powell and Miyakawa, 2006) . These effects are posited to relate to antagonism of NMDAR on GABAergic interneurons, in prefrontal cortex (PFC), leading to disinhibition of glutamate release and excessive neuronal excitability (Homayoun and Moghaddam, 2007; Kargieman et al, 2007) . Possibly in support of this model is the recent demonstration of the antipsychotic efficacy of group II mGlu receptor (mGlu2/3) agonists (Patil et al, 2007) that negatively modulate glutamate release and normalize NMDAR antagonist-induced increases in PFC glutamate (Conn and Pin, 1997; Moghaddam and Adams, 1998) .
Abnormalities in regulatory components of the glutamate system could be significant risk factors for schizophrenia. Glutamatergic signaling is regulated by a family of glutamate transporters: glial glutamate and aspartate transporter (GLAST; excitatory amino-acid transporter 1), glial glutamate transporter-1 (GLT-1; excitatory amino-acid transporter 2), excitatory amino-acid carrier 1 (EAAC1; excitatory amino-acid transporter 3), and excitatory aminoacid transporter 4 (EAAT4). In rodent, GLAST is expressed on astrocytes mainly in cerebellum, but also in forebrain regions including cerebral cortex and hippocampus (Torres and Amara, 2007) . Postmortem studies revealed no changes in expression of glutamate transporter GLAST in the striatum (McCullumsmith and Meador-Woodruff, 2002 ), but elevated expression in thalamus (Smith et al, 2001) , dorsolateral PFC and anterior cingulate cortex (Bauer et al, 2008) , however the latter study also showed a decrease in protein levels in these regions. An association study found no polymorphism in the gene encoding human GLAST (SLC1A3) in a Japanese population with schizophrenia (Deng et al, 2007) however a more recent study found increased incidence of a rare genetic variant in the human gene encoding GLAST in schizophrenics (Walsh et al, 2008) . In addition, we showed that GLAST knockout (KO) mice exhibit exaggerated locomotor activity in response to a novel environment or administration of the NMDA antagonist, MK-801 . This noveltyinduced locomotor hyperactivity was effectively normalized by treatment with either the prototypical antipsychotic haloperidol or the novel putative antipsychotic mGlu2/3 receptor agonist, LY379268 .
Our previous work demonstrated that GLAST KO exhibited phenotypic abnormalities thought to model certain positive symptoms of schizophrenia (psychomotor agitation and supersensitivty to psychotomimetics). The aim of this study was to evaluate phenotypic end points considered relevant to negative and attentional/cognitive domains of schizophrenia in GLAST KO. Prominent among negative symptoms is abnormal social behavior and social withdrawal (American Psychiatric Association, 2000) . Attentional/cognitive changes in schizophrenia include impaired sensorimotor gating and poor performance on various measures of memory and executive function (American Psychiatric Association, 2000) . On the basis of suggestions for how these symptoms might be assayed in rodents (Arguello and Gogos, 2006; Powell and Miyakawa, 2006) , we examined GLAST heterozygous (HET) and KO for social and nesting behaviors anhedonia, sensorimotor gating, instrumental learning and extinction, and discrimination and reversal learning.
MATERIALS AND METHODS

Subjects
GLAST KO were generated as previously described using '129/Sv' (precise substrain not specified) embryonic stem cells injected into C57BL/6 blastocysts (Watase et al, 1998) and backcrossed into C57BL/6 for an undetermined number of generations. To avoid potential phenotypic abnormalities resulting from potential genotypic differences in maternal behavior and early life environment (Millstein and Holmes, 2007) , KO, HET, and wild-type (WT) mice were all generated from HET Â HET matings. A previous study has reported offspring with a Mendelian distribution (Watase et al, 1998) . Our HET mating paradigm resulted in 36% WT, 50% HET, and 14% KO. At weaning, mice were housed in groups of 1-4 per cage in a temperature-and humiditycontrolled vivarium, under 12-h light/dark cycle (lights on 0600 hours), with ad libitum access to food and water, testing was conducted at the age of 2-6 months. Males and females were used. The number of mice used in each experiment is given in the figure legends. The experimenter remained blind to genotype during testing; mice were identified by tail-tattoos or subcutaneously implanted microchips (AVID MicroChip ID, Folsom, LA, USA). Where appropriate, mice were acclimated to the test room for 1 h before testing. All experimental procedures were approved by the National Institute of Alcohol Abuse and Alcoholism Animal Care and Use Committee and followed the NIH guidelines Using Animals in Intramural Research and from the Institutional Animal Care and Use Committee of Tokyo Medical and Dental University and the Tokyo Metropolitan Institute of Neuroscience.
Functional Observation Battery
GLAST HET and KO were first evaluated for empty cage behaviors, physical health, sensory, and neurological functions (Boyce-Rustay and Crawley and Paylor, 1997 ; as procedure is same as previously described in our laboratory, see Supplementary Material and Methods for details).
Novelty-Induced Locomotor Activity
We first sought to replicate our recent finding that GLAST KO showed locomotor hyperactivity in a novel open field ; procedure same as previously described in our laboratory: see Supplementary Material and Methods for details).
Sociability and Social Novelty Preference
Next, to test for social abnormalities in GLAST KO, we assessed sociability and social novelty preference based on methods previously described (Crawley, 2007; McFarlane et al, 2008) . The apparatus was a white Plexiglas square arena (40 Â 40 Â 35 cm, 10 lx) containing two wire-bar cups (Galaxy Cup; Spectrum Diversified Designs Inc., Streetsboro, OH) placed on either side of the arena. To reduce novelty-related locomotor hyperactivity in GLAST KO, the sides of the arena containing the cages were covered by black Plexiglas partitions (38 Â 13.5 Â 14 cm), and all subjects were habituated to the arena for 20 min 24 h, and then again 20 min, before test. To test sociability, an unfamiliar male C57BL6/J mouse was placed in one cage (the other cage remained empty (inanimate stimulus)) and the subject was manually observed for time sniffing (snout in physical contact with the wire bar) either cage over a 10 min test session using the Hindsight software program (Scientific Programming Services, Wokingham, UK). A disposable plastic cup was placed over the cages to prevent the subject from climbing on top. To test social novelty preference, another unfamiliar male C57BL6/J mouse was placed in the empty cage and sniffing of the cages containing the now-familiar vs the novel stimulus mouse measured over a 10 min test session. The effect of genotype and stimulus were analyzed (separately for the sociability and social preferences tests) by ANOVA, with withinsubjects analysis for stimulus, followed by Newman-Keuls post hoc analysis.
Free Social Interaction
As a second test for social behavior, free social interaction between mice in a dyadic encounter was measured during a didactic encounter with a novel conspecific (Wiedholz et al, 2008 ; procedure same as previously described in our laboratory: see Supplementary Material and Methods for details).
Hidden Food Retrieval Test for Olfaction
A food burying test was conducted as a control test for potential deficits in general olfactory function that could potentially confound measurement of social behavior (Crawley, 2007) . To reduce neohypophagia, mice were first exposed to Teddy Grahams s Chocolate (Kraft Foods) in their home cage 2 days before testing. Following 15-17 h food deprivation the mouse was placed in a clean cage containing 3 cm deep bedding (Eighth-inch bed-o'cobs; The Andersons Inc., Maumee, OH). After a 5 min habituation period, the mouse was removed, one Teddy Graham buried B1 cm in the cage bedding and mouse replaced. The latency to find to the food was recorded (maximum session length 15 min). The effect of genotype on latency was analyzed using ANOVA.
Nesting Behavior
Deficits in nest building are hypothesized to relate to selfneglect in schizophrenia (Koh et al, 2008; Lijam et al, 1997; Miyakawa et al, 2003) . To examine nesting behaviors in GLAST KO, mice were single housed in a clean cage (9-10 females per genotype, 7-10 males per genotype) and provided with a standard cotton nestlet square (Ancare, Bellmore, NY). The following day, nesting material was removed and the mouse was provided with a new nestlet square. Four hours later, the quality of nest was scored on a five-point rating scale based upon (Deacon, 2006) , as follows: 1 ¼ nestlet not noticeably touched, 2 ¼ nestlet partially torn up, 3 ¼ mostly shredded but no identifiable nest site, 4 ¼ an identifiable, but flat nest, 5 ¼ a well-defined nest with walls 4mouse body height. Because these data did not meet assumptions for a parametric statistical analysis, genotype effects on nesting score were analyzed using nonparametric Kruskal-Wallis ANOVA.
Sucrose Preference
Anhedonia was measured by preference for a sucrose solution over water, using a two-bottle free choice method as previously described (Bechtholt et al, 2008; Krishnan et al, 2007) . Individually housed mice were first habituated to accessing tap water through 2 Â 50-ml Falcon tubes fitted with sipper tubes for 4 days (Ancare). Every 4 days thereafter, one of the two water bottles was replaced with a bottle containing increasing sucrose concentrations (1, 2, 4, 8, 16%) . After this escalation procedure, mice were offered water vs decreasing sucrose concentrations (16, 8, 4% , each for 4 days) and consumption was measured daily (correcting for evaporation/spillage using a 'dummy cage') and used to calculate average sucrose preference (sucrose intake/total intake) for each concentration. Every 2 days, solutions refreshed and left/right position of the bottles switched to control for any side bias.
Acoustic Startle and Sensorimotor Gating
For assessment of sensorimotor gating, acoustic startle, and prepulse inhibition (PPI) of the startle response was measured ; procedure same as previously described in our laboratory: see Supplementary Material and Methods for details).
Auditory Brainstem Responses
Auditory brainstem responses (ABRs) were obtained from mice anesthetized with a mixture of nitrous oxide/oxygen (1 : 1) gas and 3% halothane. Responses were differentially recorded between subcutaneously stainless steel electrodes at the vertex (active) and mastoid (reference). The ABRs, in response to the click sound, were recorded using a signal processor (NEC Synax 1200; Tokyo, Japan). The average of 300 responses was measured. The threshold was defined as the intensity level at which an ABR wave I with an amplitude of 0.05 mV was seen in 2 averaged runs.
Instrumental Learning and Extinction, Pairwise Discrimination Learning and Reversal
We next turned to measures of executive/cognitive function in GLAST KO mice. One cohort of mice was tested for instrumental learning and extinction was tested (Brigman et al, 2008; Hefner et al, 2008) and another for pairwise discrimination learning and reversal, both using a murine touchscreen-based operant system (procedures same as previously described in our laboratory: see Supplementary Material and Methods for details).
Pairwise Discrimination Learning and Reversal
Mice underwent pretraining as above and then received an additional phase in which responses at a blank window during stimulus presentation produced a 5 s time-out (signaled by extinction of the house light) to discourage indiscriminate screen responding. Incorrect responses were followed by correction trials in which the same stimulus and spatial configuration was presented until a correct response was made. Performance criterion on this phase was X90% correct responses (excluding correction trials) over a 30-trial session. Pairwise discrimination learning was tested as previously described (Brigman et al, 2008; Bussey et al, 1997; Izquierdo et al, 2006) . Two novel approximately equiluminescent stimuli were presented in spatially pseudorandomized manner over 30-trial sessions (15 s ITI). Responses at one stimulus (correct) resulted in reward; responses at the other stimulus (incorrect) resulted in a 5 s time-out (signaled by extinction of the house light) and were followed by a correction trial. Stimuli remained on screen until a response was made. Designation of the correct and incorrect stimulus was counterbalanced across genotype (and where appropriate, drug). Performance criterion was 85% correct (excluding correction trials) on each of 2 consecutive days. The session after attaining discrimination criterion, the designation of stimuli as correct vs incorrect was reversed for each mouse and performance tested over 30-trial daily sessions to a criterion of 85% correct (excluding correction trials) on each of 2 consecutive days. A maximum score of 1800 trials was assigned to any mouse that failed to reach criterion in 60 sessions.
The effect of genotype on total trials and incorrect responses committed to attain discrimination and reversal criteria, as well as omissions, average stimulus reaction time, average reward retrieval latency, and average session completion time, were checked for homogeneity of variance and analyzed using ANOVA followed by Newman-Keuls post hoc analysis and nonparametric Kruskal-Wallis ANOVA where appropriate. Because this analysis revealed a major effect of genotype on discrimination learning, two additional analyses were performed to further dissect the nature of the genotypic difference. A survival analysis was conducted using the Mantel-Cox test to quantify the percentage of mice within each genotype performing the task after a given number of sessions (up to a maximum of 60 sessions). The percentage of each genotype achieving thresholds of discrimination performanceFie, achieving two or more consecutive sessions at either 60, 65, 70, 75, 80, or 85% correct responding was also measured, with 470% correct considered significantly greater than chance (ie, 42 standard deviations above 50% in a 30-trial session).
Effects of mGlu2/3 Agonist LY379268 on Discrimination Learning
As noted in Introduction section, we have previously demonstrated that GLAST KO exhibit locomotor hyperactivity in response to novelty that is normalized by treatment with the mGlu2/3 agonist LY379268 . As current data showed a significant deficit in discrimination learning in GLAST KO (see Results section), we next tested whether LY379268 treatment could normalize this performance deficit. A cohort of test-naive WT and KO (HET were not tested as they did not show a baseline abnormality) underwent pretraining as above with the exception that pretraining criteria were reduced from 90 to 75% (experiments in C57BL/6J showed that this expedited pretraining without affecting resultant discrimination performance (Brigman et al, unpublished) . Thirty minutes before discrimination sessions, mice were injected intraperitoneally with either saline vehicle or 1.0 mg/kg LY379268 (Tocris, Ellisville, MI). This dose and route of administration normalizes the novelty-induced locomotor hyperactivity phenotype in GLAST KO . Testing and treatment continued until all WT mice had attained the 85% performance criterion.
Statistical Analysis
Data were analyzed using Statistica (Statsoft, Tulsa, OK, USA). For all analyses we included sex as a factor in all our models to determine whether sex was a significant influence.
RESULTS
Functional Observation Battery
There were no notable genotype differences on various measures of empty cage behavior, physical health, sensory, and neurological function (Table 1) .
Novelty-Induced Locomotor Activity
There was a significant effect of genotype (F 2,25 ¼ 8.36, P ¼ 0.0017), and time (F 11,275 ¼ 15.00, Po0.0001) but no significant genotype Â time interaction for total distance traveled ( Figure 1a ). Post hoc tests collapsed across the session showed that KO mice were significantly more active than WT (Figure 1b ). There was no significant effect of genotype on percent time spent or frequency to enter the center of the open field for either the whole session or during the first 5 min when the anxiety response is considered to be the strongest (data not shown). When sex was added to the model, there was no significant effect of sex or genotype Â sex interaction but there was a significant time Â genotype Â sex interaction (F 22,242 ¼ 2.19, P ¼ 0.0020) for total distance traveled. Post hoc analysis revealed a faster habituation to the open field in female GLAST HET mice compared to male KOs.
Sociability and Social Novelty Preference
There was a significant effect of genotype (F 2,98 ¼ 6.62, P ¼ 0.0020) and stimulus (F 1,98 ¼ 53.21, Po0.0001), as well as a significant genotype Â stimulus interaction (F 2,98 ¼ 5.19, P ¼ 0.0072) for time spent sniffing during the sociability test. Post hoc tests showed WT and HET spent more time sniffing the cage containing the mouse than the empty cage. However, KO spent significantly less time sniffing the social stimulus than WT (Figure 2a ). There was a significant effect of stimulus (F 1,98 ¼ 12.41, P ¼ 0.0007) but no genotype or genotype Â stimulus interaction for frequency to sniff during the sociability test (data not shown). When sex was included in the analysis, there was a significant sex Â stimulus interaction on time (F 1,92 ¼ 4.38, P ¼ 0.039) and frequency (F 1,92 ¼ 7.75, P ¼ 0.0065), because of male mice sniffing the inanimate, but not social, stimulus more than females there was no significant main effect or interactions between sex and genotype. For mean sniffing time there was no significant effect of genotype, but a significant effect of stimulus (F 1,98 ¼ 32.68, Po0.0001) and genotype Â stimulus interaction (F 2,98 ¼ 3.29, P ¼ 0.041). Post hoc analysis revealed that GLAST KO mice spent on average less time sniffing the social stimulus mouse (mean duration sniffing, inanimate stimulus: WT ¼ 1.36±0.39 s, HET ¼ 1.47±0.08, KO ¼ 1.44±0.12, social stimulus: WT ¼ 2.82 ± 0.39, HET ¼ 2.39 ± 0.17, KO ¼ 1.87 ± 0.15). There were no significant difference in transitions between the two stimuli (WT ¼ 20.25±1.78, HET ¼ 21.47±1.22, KO ¼ 19.59 ± 1.49). There was no significant effect of genotype on latency to start sniffing either the empty or social stimulus cage (data now shown). Sex had no significant main effect or interaction on any of the parameters when incorporated into the analysis.
For the social novelty preference test, there was a significant effect of genotype (F 2,98 ¼ 4.46, P ¼ 0.014) and stimulus (F 1,98 ¼ 72.86, P ¼ 0.0000) and a significant genotype Â stimulus interaction (F 2,98 ¼ 3.19, P ¼ 0.045) for time spent sniffing. Post hoc analysis showed that all genotypes spent more time sniffing the cage containing the novel mouse than the familiar mouse. However, KO spent significantly less time sniffing both the novel and the familiar mouse compared to WT (Figure 2b ). There was a significant effect of stimulus (F 1,98 ¼ 56.98, Po0.0001) but no genotype or genotype Â stimulus interaction for frequency to sniff during social novelty preference test (data not shown). For average time sniffing there was a significant effect of genotype (F 2,98 ¼ 11.10, Po0.0001), stimulus (F 1,98 ¼ 16.58, P ¼ 0.0001), and genotype Â stimulus interaction (F 2,98 ¼ 4.17, P ¼ 0.011). Post hoc test showed GLAST KO spent significantly less time sniffing the familiar mouse and both GLAST HET and KO mice spent less time sniffing the novel stimulus mouse compared to WT controls (mean duration sniffing, familiar stimulus: WT ¼ 1.82 ± 0.10 s, HET ¼ 2.08±0.20, KO ¼ 1.37±0.17, novel stimulus: WT ¼ 2.83 ± 0.14, HET ¼ 2.13 ± 0.16, KO ¼ 1.86 ± 0.13). There was no significant difference in transitions between the familiar and novel stimuli (WT ¼ 14.69±2.84, HET ¼ 11.35 ± 1.18, KO ¼ 10.24 ± 1.25). No significant differences between genotype on latency to start sniffing either the familiar or novel stimulus cage were seen (data now 
Sensory reflexes
Approach responses 100 100 100
Touch responses 100 100 100
Palpebral responses 100 100 100
Pinna reflex 100 100 100
Tail pinch reflex 100 100 100
Hot plate latency (s) 10.6 ± 0.6 10.1 ± 0.6 9.5 ± 0.7
Motor, neurological shown). Sex had no significant main effect or interaction on any of the parameters when incorporated into the analysis.
Free Social Interaction
There was no significant effect of genotype on overall social interaction (Figure 2c ) or duration of anogenital, nonanogenital or aggressive interactions (Figure 2d ). There was a significant main effect of sex, (but no interactions with genotype), on overall social interaction (F 1,53 ¼ 7.74, P ¼ 0.0075) as well as nonanogenital interaction (F 1,53 ¼ 8.54, P ¼ 0.0051) because of males engaging in more interaction than females.
Hidden Food Retrieval Test for Olfaction
One WT and one KO failed to find the cookie within the time limit and were excluded. There was no effect of genotype on the latency to find the buried food (WT ¼ 189 ± 52 s, HET ¼ 113 ± 23, KO ¼ 153 ± 43). There was a significant main effect of sex (F 1,49 ¼ 4.39, P ¼ 0.041; n ¼ 16-20), but no interaction with genotype, because of a longer latency to find the cookie in males than females.
Nesting Behavior
There was a significant difference between genotypes in nesting behavior scores (H 2,53 ¼ 6.05, P ¼ 0.048). Post hoc analysis showed that KO made poorer nests than both WT and HET mice (Table 2 ). There was no main effect or interaction of sex with genotype on this measure.
Sucrose Preference
There was no effect of genotype or sucrose concentration, or an interaction between the two, for sucrose preference (Table 3) . Total fluid intake was also unaffected by genotype and sucrose concentration. When sex was added to the statistical model, there was no main effect of sex or genotype Â sex interaction for preference, although there was a significant effect of sex (F 1,36 ¼ 10.79, P ¼ 0.0041) and a significant sex Â sucrose concentration interaction (F 2,36 ¼ 6.64, P ¼ 0.0035) for total intake because of females consuming more total fluid than males.
Acoustic Startle and Sensorimotor Gating
There was a significant effect of prepulse intensity (F 2,104 ¼ 81.27, Po0.0001) but not of genotype and no prepulse intensity Â genotype interaction for percent PPI. Post hoc tests collapsed across genotype showed a progressive increase in percent PPI with increasing prepulse intensities (Figure 3a) . Decreased sociability and social novelty preference, but normal free social interaction in GLAST KO mice. WT and HET, but not KO, spent more time sniffing a cage containing a mouse than an empty cage, and KO spent less time sniffing the mouse-containing cage than WT controls (a). All genotypes spent more time sniffing a cage containing a novel mouse than a familiar mouse, but KO spent less time sniffing either stimulus than WT, whereas HET spent less time sniffing the novel stimulus than WT (b). Total time spent investigating an unfamiliar stimulus mouse in a free dyadic encounter did not differ between genotypes (c). There was a significant effect of genotype for acoustic startle amplitude (F 2,52 ¼ 5.47, P ¼ 0.0070). Post hoc tests revealed significantly lower startle amplitude in KO than WT (Figure 3b ). Baseline movement did not differ between genotypes (data not shown). Sex had no significant main effect or interactions with genotype on either PPI or startle.
Auditory Brainstem Responses
There is no significant difference in the ABR thresholds between KO (28.3 ± 4.0 dB SPL, n ¼ 6) and WT (29.2±2.0 dB SPL, n ¼ 6).
Instrumental Learning and Extinction
Genotypes did not differ in trials to instrumental learning criteria (Figure 4a ) or trials to extinction criterion (Figure 4b ). There was no significant effect of sex and no genotype Â sex interaction for these measures.
Pairwise Discrimination Learning and Reversal
Genotypes did not differ in sessions to criterion on any phase of pretraining (Table 4) . For discrimination learning, there was a significant effect of genotype for total trials (F 2,21 ¼ 56.8, Po0.0001) and incorrect responses (F 2,21 ¼ 72.14, Po0.0001) committed. Post hoc tests showed that KO committed significantly more trials (Figure 5a ) and 
Percent prepulse inhibition
Startle amplitude (arbitrary units) Pretraining phase 2 9.1 ± 6.0 9.1 ± 4.4 3.0 ± 0.5
Pretraining phase 3 3.3±1.2 2.7±0.9 3.3±1.3
Pretraining phase 4 6.0±2.4 5.1±2.0 7.6±1.6 n ¼ 7-9 per genotype. Data are mean ± SEM number of sessions to attain criterion.
made significantly more incorrect responses (Figure 5b ) over the course of the discrimination problem than WT. There was no significant effect of genotype for trials omitted or in any of the auxiliary measures (Table 5) , although KO mice tended to omit less (WT ¼ 41.1±24.6, HET ¼ 21.3 ± 9.4, KO ¼ 8.4 ± 2.5) and respond to stimuli, retrieve rewards and complete sessions more quickly than WT. There was no significant effect of sex and no genotype Â sex interaction for these measures. Survival analysis revealed a significant effect of genotype (w 2 ¼ 14.51, df ¼ 1, Po0.0001) WT and HET had attained the 85% correct criterion by 30-40 sessions, whereas nearly all KO had failed to reach this criterion after the 60-session cutoff (Figure 5c ). However, analysis of the percentage of each genotype attaining increasing performance thresholds revealed that nearly all KO were able to attain a 80% correct criterion level that was well above statistical chance (ie, 470% correct; Figure 5d ).
Because KO failed to attain the preset 85% criterion for discrimination learning, they were not tested for reversal. WT and HET did not differ in the number of trials committed (WT ¼ 583 ± 205, HET ¼ 604 ± 127) or incorrect responses (WT ¼ 336 ± 81, HET ¼ 348 ± 56) to attain reversal criterion. Trials omitted, stimulus reaction time, reward retrieval latency, and session completion time were also no different between WT and HET (data not shown). Sex had no significant main effect or interaction with genotype on these analyses.
Effects of LY379268 on Discrimination
All WT attained the 85% correct discrimination criterion within 22 sessions. There was a significant effect of genotype but not treatment and no genotype Â treatment interaction for trials committed (F 1,25 ¼ 29.3, P ¼ 0.0003) and incorrect responses (F 1,25 ¼ 67.3, Po0.0001) committed during these sessions. Post hoc analysis on data collapsed across treatment showed that KO committed significantly more trials (Figure 6a ) and incorrect responses (Figure 6b ) than WT. Survival analysis showed that all but one KO had failed to reach criterion over the 22 sessions, whether vehicle (w 2 ¼ 8.63, df ¼ 1, Po0.0001) or drug treated (w 2 ¼ 8.92, df ¼ 1, Po0.0001; data not shown). For the 22 sessions when all mice were tested, 67% of the saline treated KO mice attained the 70% correct performance level (ie, significantly above chance) and drug treatment did not improve this rate (57%). Sex produced no significant main effect or interaction with genotype or drug when incorporated into the analysis.
Because previous studies have shown that tolerance develops to LY379268's effects on motor coordination and nicotine self-administration (Cartmell et al, 2000; Liechti et al, 2007) , although not the drug's effects on PCP-induced Pellet retrieval latency (s) 4.7 ± 1.8 3.0 ± 1.1 1.3 ± 1.1
Session completion time (min) 30.6 ± 5.1 26.6 ± 3.5 21.4 ± 2.1 Data are mean±SEM. n ¼ 7-9 per genotype.
hyperactivity (Cartmell et al, 2000) , we separately analyzed the first six sessions of discrimination for significant drug effects that might have waned with the more prolonged treatment. There was no indication that LY379268 produced effects on behavior early in training that were lost with repeated treatment, regardless of genotype (data not shown).
DISCUSSION
The main finding of this study was that GLAST-deficient mice exhibited abnormalities on certain behavioral measures considered relevant to the negative and attentional/ cognitive symptoms of schizophrenia. GLAST KO but not HET exhibited a significant increase in total distance traveled during exposure to a novel open field. This replication confirms the robustness of the recent finding of novelty-induced locomotor hyperactivity in GLAST KO mice . Our earlier study found that these mutants were also hypersensitive to the locomotor hyperactivity-inducing effects of the NMDAR antagonist MK-801, and that novelty-induced hyperactivity normalized by the antipsychotic haloperidol and the mGlu2/3 agonist LY379268 . These phenotypes are posited to be related to the positive symptoms of schizophrenia (Arguello and Gogos, 2006; Powell and Miyakawa, 2006) . Current data showed that the phenotype of GLASTdeficient mice extends to behavioral abnormalities associated with negative symptomatology in schizophrenia. In this context, GLAST KO showed poor nesting behavior relative to their WT littermates. Deficits in nest building have been reported in other mouse mutants exhibiting 'schizophrenia-related' abnormalities on other measures (eg, calcineurin KO, disheveled homolog 1 KO, phospholipase C-b1 KO), and has been interpreted as a model of selfneglect in schizophrenia (Koh et al, 2008; Lijam et al, 1997; Miyakawa et al, 2003) . Another major negative component of schizophrenia is social withdrawal. On an assay for sociability, GLAST KO did not show a preference for a social stimulus over an inanimate stimulus, in contrast to the significant social preference exhibited by WT and HET (and most inbred mouse strains; Crawley, 2007) . Furthermore, whereas all genotypes including KO exhibited a preference for investigating a novel mouse over a familiar one, KO showed a lesser preference than WT. GLAST HET also displayed a deficit in this measure of social novelty preference. Interestingly, this was the only instance where the HET demonstrated a significant phenotypic abnormality in this study, indicating that GLAST haploinsufficiency is only sufficient to cause changes in select measures of 'schizophrenia-related behavior' we examined herein.
The precise nature of the social deficit in GLAST-deficient mice remains to be ascertained. Social withdrawal has been discussed in terms of a more general loss of interest in pleasurable activity (anhedonia; Arguello and Gogos, 2006) , and anhedonia has been reported in some putative rodent models of schizophrenia (Hikida et al, 2007; Le Pen et al, 2002) . In this context, we did not see alterations in anhedonia in GLAST KO as measured by a sucrose preference test. However, because preference levels were so high at the concentrations used, it remains possible that the hedonic properties of these concentrations were too high to detect a genotype difference. It is also worth noting that genotypes did not differ on a simple test for (nonsocial) olfaction, ruling out the possibility that generalized anosmia confounded social recognition. Furthermore, analysis of free social interaction in a dyadic encounter with a conspecific male did not reveal any obvious social deficits in GLAST KO. The reason why social behavior was normal under these testing conditions but not the social choice assays could be because of fact that in the free social interaction test, social encounters can be initiated by both mice, whereas in the choice tests the subject itself must initiate social encounters. Thus, one explanation for the pattern of the social phenotype observed is that GLAST mutant mice have a deficit in instigating social interaction, although GLAST KO showed no markedly gross abnormalities on a battery of simple measures of physical health, sensory, and neurological function, KO mice did, however, show relatively fewer missing whiskers and more empty cage wild running/defecation possibly further indicating abnormal social and anxiety-related behavior, respectively.
Prepulse inhibition (PPI) of the startle response is a measure for sensorimotor gating that is impaired in schizophrenics and commonly used to evaluate rodent models of schizophrenia and the potential efficacy of antipsychotic medications (Geyer et al, 2002) . GLAST KO showed a nonsignificant trend for impaired PPI, as well as a significant reduction in acoustic startle amplitude. PPI and startle are mediated by different neural systems and are dissociable at the behavioral level (Geyer et al, 2002) . However, Hakuba et al (2000) have shown that GLAST KO develop hearing loss following exposure to loud noise and although mice in our study were not subjected to any such trauma (and showed normal auditory brainstem responses) it is possible that their reduced startle responses stemmed from a deficit in hearing and therefore remains possible that a hearing-related impairment of startle confounded detection of PPI deficits in GLAST KO. There is growing emphasis on better defining and treating cognitive dysfunction in schizophrenia. The cognitive phenotype of schizophrenia and animal models of the disease has typically focused upon the executive component, as measured for example by attentional set-shifting and working memory. However, schizophrenic patients also present with impairments in various forms of memory and perception (for recent reviews, see Butler et al, 2008; Carter et al, 2008; Ranganath et al, 2008) . One objective of this study was to test GLAST KO for various forms of instrumental learning and a measure of executive-related function (reversal). GLAST KO showed impaired pairwise visual discrimination learning as evidenced by a failure of most of the KOs tested to attain an a priori criterion of 85% correct choices over 60 test sessions. Importantly, however, a more detailed analysis of the data showed that KO were able to attain performance levels that were just short of this criterion (ie, 80% correct) but still well above chance. Furthermore, KO were unimpaired in the acquisition or extinction of a simple instrumental task, discounting a nonspecific impairment in operant performance. However, the failure of KO to reach discrimination criterion meant these mice could not be tested for reversal and evaluation of executive functions on others assays remains an important question for future studies. Taken together, the current data demonstrate a selective, partial deficit in pairwise discrimination learning in GLAST KO. Further work will be needed to determine the extent to which this impairment is related to the perceptual or associative learning demands of the task. The potential contribution of poor vision is another factor to be addressed given evidence that GLAST KO on a C57BL/6 genetic background (as currently used) have a loss of retinal ganglion cells (Harada et al, 1998 (Harada et al, , 2007 .
We previously found that treatment with the mGlu2/3 receptor agonist LY379268 prevented novelty-induced locomotor hyperactivity in GLAST KO . The locomotor hyperactivity-inducing effects of NMDAR antagonists have been linked to GABAergic disinhibition of glutamate release and neuronal hyperexcitability in PFC (Moghaddam and Adams, 1998; Lorrain et al, 2003; Jackson et al, 2004; Homayoun and Moghaddam, 2007; Kargieman et al, 2007) . Along similar lines, loss of GLAST-mediated glutamate reuptake could lead to excessive extracellular glutamate and neuronal hyperexcitability in PFC in response to novelty-provocation (although in vivo voitametry or microdialysis is still needed to provide direct support for this). In this scheme, negatively modulated extracellular PFC glutamate levels by LY379268 provides a potential mechanism for the drug's ability to normalize locomotor hyperactivity induced by novelty in GLAST KO and by NMDAR antagonist treatments in non-mutant rodents (Conn and Pin, 1997; Moghaddam and Adams, 1998; Patil et al, 2007) . Current data show that LY379268 failed to rescue impaired discrimination learning in GLAST KO. This indicates that the deficit is not simply an artifact of locomotor hyperactivity and that the mechanisms underlying the discrimination phenotype in these mice is likely distinct from those driving the locomotor phenotype. Indeed, although the neural circuits mediating our discrimination task remain to be identified, preliminary evidence points to a greater role for dorsal striatum than PFC (Brigman et al, unpublished) . In this context, it will be interesting to test whether drugs acting at other mGlu receptors subtypes known to modulate striatal function and plasticity (eg, mGlu5; Gubellini et al, 2004) would be effective in rescuing the discrimination phenotype in GLAST KO.
A final issue with regards to the mechanisms driving the behavioral abnormalities in GLAST-deficient mice relates to the constitutive nature of the mutation. As with any mouse mutant in which a gene is constitutively deleted, there is the potential both for developmental compensation and secondary changes caused by the chronic absence of the gene (Holmes, 2008) . In this context, GLAST has an interesting pattern of developmental expression in mouse brain; with high transient postnatal GLAST gene promoter activity in cortex and hippocampus but a slow ontogenic rise in the cerebellum (Regan et al, 2007) . However, previous studies show no alteration in protein expression of the other glutamate transporter subtypes (GLT-1, EAAC1, and EAAT4) in the cortex or cerebellum of GLAST KO mice (Watase et al, 1998; Voutsinos-Porche et al, 2003) . Furthermore, although the combined KO of GLAST and another astrocytic transporter, GLT-1, causes developmental abnormalities in cortical layering, GLAST KO per se does not have marked effects on layering or somatosensory cortex barrel field formation (Matsugami et al, 2006; Takasaki et al, 2008) . Nonetheless, these data do not rule out the possibility that constitutive loss of GLAST could produce developmental anomalies that contribute to the behavioral abnormalities reported in this study. Possible effects of excitotoxicity resulting from loss of GLAST also should not be discounted (Choi, 1988) given evidence that GLAST KO have increased vulnerability to cerebellar neurotoxicity and chronic antisense knockdown of GLAST causes damage to rat striatal neurons (Rothstein et al, 1996; Watase et al, 1998) . In fact, any neurodegenerative and neurodevelopmental abnormalities in GLAST KO could be highly salient to the 'schizophrenia-related' phenotype of these mice, given current theories about the etiology of the disease (Olney and Farber, 1995; Harrison, 1999; Perez-Neri et al, 2006) .
In summary, the results of this study provide evidence that gene deletion of the astrocytic glutamate transporter GLAST produces abnormalities on certain behavioral measures considered relevant to the positive, negative, and attentional/cognitive symptoms of schizophrenia. GLAST KO showed novelty-induced locomotor hyperactivity, abnormal social behavior characterized by reduced initiation of social interactions, poor nesting, and impaired pairwise visual discrimination learning. These findings are particularly interesting given recent evidence linking gene mutation of human GLAST (SCL3A) to schizophrenia (Walsh et al, 2008) . Although no single rodent model of schizophrenia can recapitulate the symptom complexity and diversity of schizophrenia, GLAST-deficient mice provide one useful tool for elucidating the contribution of glutamate dysfunction to the pathophysiology of this disease.
